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Abstract  10 
Long term storage of pear fruit requires low temperature and conventionally uses controlled 11 
atmosphere (CA) conditions to reduce respiration and consequent quality loss. Sub-optimal 12 
storage conditions may lead to physiological disorders and loss of product. Stochastic variability 13 
of the properties of fruit introduces uncertainty in storage design and operations and could result 14 
in severe quality loss. Taking such variability into account in simulation models for virtual 15 
engineering will allow to assess the uncertainty of the process and determine confidence limits 16 
for the operation. Gas exchange in pear fruit during controlled atmosphere storage was studied 17 
using a continuum diffusion-respiration model, taking into account stochastic variation of the 3D 18 
morphology, the diffusivity of oxygen and carbon dioxide and the maximal respiration rate. 19 
Different geometries were generated using a statistical shape generation algorithm for 3D 20 
morphology, that was automatically incorporated into the gas exchange model. Similarly, tissue 21 
diffusivity was computed using a 3D tissue microstructure database. Simulation results showed 22 
that internal O2 and CO2 gas profiles in fruit were highly affected by variation of diffusivities, 23 
2 
 
maximal respiration rate and the 3D morphology of fruit. The model was further used to evaluate 24 
incidence to fermentation at different reduced O2 levels of storage condition. The risk of 25 
fermentation inside the fruit predicted by the gas exchange model rapidly increased in response 26 
to decreasing external O2 levels. The virtual simulation tool confirms that picking time and fruit 27 
size are important criteria for proper control of CA storage. While applied here to pear fruit, it 28 
can easily be extended to other commodities.  29 
 30 
31 
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Highlights 32 
 A virtual engineering tool for controlled atmosphere storage of fruit is presented 33 
 A 3D shape generator of fruit is combined with a diffusion-reaction model  34 
 The model predicts critical oxygen levels for development of disorders 35 
 Random model parameters were incorporated 36 
 Fruit size and maturity affect gas concentrations within the fruit the most 37 
 38 
Key words 39 
3D modeling, X-ray micro-CT, mass transfer, respiration, finite element method, biological 40 
variability, microstructure. 41 
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1. Introduction 44 
Pome fruit are an important fresh food product consumed worldwide. After harvest, fruit are 45 
often stored under controlled atmosphere (CA) conditions with reduced O2 and increased CO2 46 
levels in combination with a low temperature to extend their commercial storage life. In such 47 
conditions, gas exchange inside the fruit affects the respiration process. Bad engineering and 48 
control of the storage rooms may result in sub-optimal storage conditions that may lead to 49 
physiological disorders and loss of product. In ‘Conference’ pears (Pyrus communis L.), the 50 
physiological disorder is characterised by softening and browning of tissue near the core and is 51 
associated with the development of cavities (Franck et al., 2007; Veltman et al., 2003a, 1999) 52 
that cause economic losses (Lammertyn et al., 2000; Veltman et al., 2003a; Zerbini and Rizzolo, 53 
2002). The main hypothesis for explaining the occurrence of browning is that hypoxia inside the 54 
fruit might occur, followed by a switch from respiration to fermentation. The low energy yield of 55 
the latter is insufficient for repairing membrane damage, and cell death may result (Herremans et 56 
al., 2013a, 2013b; Ho et al., 2011; Lammertyn et al., 2000; Pedreschi et al., 2009; Peppelenbos 57 
and Oosterhaven, 1998; Saquet et al., 2003; Streif et al., 2003; Veltman et al., 2003b; Zhou et al., 58 
2014). The development of disorders during postharvest ripening and storage of fruit also 59 
depends on a range of preharvest factors such as climate conditions. Other factors that have been 60 
considered to be influencing the development of the disorder are the size/weight of the fruit and 61 
the picking date (Ho et al., 2010a; Lammertyn et al., 2000; Li et al., 2011). Over-mature (late 62 
picked) and large fruit have been shown to be more susceptible to core breakdown during storage 63 
(Franck et al., 2007; Lammertyn et al., 2000; Verlinden et al., 2002).  64 
Computer aided engineering through mathematical modelling of the process has been used as a 65 
tool for quantification of the fruit quality during storage (Bosch et al., 2013; Fukuda et al., 2014; 66 
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Ho et al., 2013; Pinheiro et al., 2013). As there are no noninvasive measurement techniques 67 
available for monitoring respiratory gas concentrations in fruit during CA storage, gas transport 68 
models have been used to evaluate gas transport and respiratory gaseous exchange of fruit. We 69 
have previously developed models operating at different spatial scales, from the macroscale (Ho 70 
et al., 2011, 2008; Lammertyn et al., 2003; Mannapperuma et al., 1991; Verboven et al., 2013) to 71 
the microscale level (Ho et al., 2011, 2009; Verboven et al., 2013, 2012) in a multiscale 72 
framework and validated them successfully for different apple and pear fruit cultivars (Ho et al., 73 
2010b, 2008). Such modelling has shown that the local gas concentrations and the respiration 74 
rate inside fruit differs between cultivars, due to differences in diffusion and respiration 75 
properties, shape and size. As a result, optimal storage conditions differ between fruit cultivars 76 
(Ho et al., 2013). Because diffusion and respiration properties and fruit shape affect gas 77 
exchange in CA storage, variability of these parameters potentially introduces large uncertainty 78 
in respiration during storage. Process design should thus account for the effect of variability and 79 
predict confidence limits of optimal conditions rather than fixed values (Hertog et al., 2007; 80 
Nicolaï et al., 2011; Scheerlinck et al., 2001). 81 
 82 
The observed variability of diffusion and respiration properties of fruit is large  (Ho et al., 2011, 83 
2010b). The shape of biological products is often complex, and rather difficult to acquire and 84 
describe (Goñi et al., 2008; Mebatsion et al., 2011). In addition, a large variability is found 85 
between species and cultivars. We have, however, been able to generate 3D computer models of 86 
pome fruit (Rogge et al., 2013). The resulting geometrical models have the same variability as 87 
the biological variability in the original biological products. While these 3D geometrical models 88 
are directly available as CAD models, numerical modelling of respiratory gas transport 89 
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phenomena inside the fruit taking into account 3D geometrical variation of biological products 90 
has not been achieved yet. 91 
The objective of this contribution was to model the gas exchange in pear fruit taking the effects 92 
of biological variability into account. First, the variability distribution of relevant model 93 
parameters is determined, including shape, tissue structure and respiration rate. Then, stochastic 94 
simulations are used to evaluate the uncertainty of internal respiratory gas concentrations of the 95 
fruit and evaluate the consequences for susceptibility to storage disorders under optimal and sub-96 
optimal conditions.  97 
 98 
2. Material and methods 99 
2.1 Materials 100 
Pears (Pyrus communis ‘Conference’) were picked from the experimental orchard of the 101 
Research Station of Fruit Growing (Velm, Belgium). Fruit was harvested at two stages: in the 102 
optimal picking period (on 9
th
 September, 2010) and in the late picking period (on 16
th
 103 
September, 2010). Fruits were cooled and stored according to commercial protocols for a period 104 
of 21 days at -1 °C followed by controlled atmosphere conditioning (2.5 kPa O2, 0.7 kPa CO2, -1 105 
°C) up to the time of the experiment. Picking dates and cooling procedures were according to 106 
optimal commercial practices used for long-term storage of fruit. 107 
 108 
2.2 3D shape generation 109 
An enhanced version of the geometric model generator described in (Rogge et al., 2015) was 110 
used to create the required 3D geometric models of pear fruit. The model generator is able to 111 
accurately represent all shape features of the 3D outer contour of the pears. The model 112 
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generating algorithm that uses a 2D Fourier series expansion was developed based on surface 113 
contours extracted form  X-ray Computed Tomography images of 66 ‘Conference’ pears (Rogge 114 
et al., 2013). After statistical analysis of the obtained descriptors for all pears, new descriptors 115 
were generated, representing the studied distributions of descriptors. With the inverse of the 116 
shape description method, these new descriptors were transformed into smooth geometries, fit as 117 
CAD import for the simulations. The geometries were meshed with Comsol 3.5 (Comsol AB, 118 
Stockholm). 119 
 120 
2.3 Diffusion-reaction model of gas exchange in pear fruit  121 
The diffusion-reaction model of gas exchange that we developed earlier (Ho et al., 2010b, 2008) 122 
was used for stochastic simulations in this work. In this approach, tissues are considered to be 123 
homogeneous continuum materials. The effect of microstructural features (porosity and 124 
tortuosity) on gas transport is incorporated in the apparent value of the tissue properties.  125 
Gas concentration gradients are the driving force for gas exchange. The continuum model thus 126 
contains diffusion and reaction terms: 127 
i
i i i i
C
D C R
t


    

     (1) 128 
with αi the gas capacity of the component i (O2 and CO2) of the tissue (Ho et al., 2010b), Di (m
2
 129 
s
-1
) the apparent diffusion coefficient of the tissue, Ri (mol m
-3 
s
-1
) the reaction term of the gas 130 
component i related to O2 consumption or CO2 production,  (m
-1
) the gradient operator, and t 131 
(s) the time. The time derivative in the left side of Equation (1) represents the concentration 132 
changes over time t (s) and becomes zero at equilibrium. Based on preliminary calculations we 133 
found that permeation could be neglected. 134 
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The gas capacity αi is defined as:  135 
 
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where ε is the porosity of tissue, Ci,g (mol m
-3
) and Ci,tissue (mol m
-3
) are the concentrations of the 137 
gas component i in the gas phase and the tissue, respectively. The concentration of the compound 138 
in the liquid phase of fruit tissue normally follows Henry’s law represented by the constant Hi 139 
(mol m
-3
 kPa
-1
). R (8.314 J mol
-1
 K
-1
) is the universal gas constant and T (K) the temperature.  140 
A non-competitive inhibition model (Hertog et al., 1998; Ho et al., 2010b; Lammertyn, 2001; 141 
Peppelenbos and van’t Leven, 1996) is commonly used to describe consumption of O2 by 142 
respiration: 143 
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with 
2
,m O
V  (mol m
-3 
s
-1
) the maximum oxygen consumption rate, 
2
O
C  (mol m
-3
)  the O2 145 
concentration, 
2
C O
C  (mol m
-3
) the CO2 concentration, 
2
,m O
K (mol m
-3
) the Michaelis-Menten 146 
constant for O2 consumption, 
2
,m n C O
K (mol m
-3
) the Michaelis-Menten constant for non-147 
competitive CO2 inhibition, and 
2
O
R  (mol m
-3 
s
-1
) the O2 consumption rate of the sample. 148 
The equation for production rate of CO2 consists of an oxidative respiration part and a 149 
fermentative part (Peppelenbos et al., 1996): 150 
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with 
2
, ,m f C O
V  (mol m
-3 
s
-1
) the maximum fermentative CO2 production rate, 
2
, ,m f O
K (mol m
-3
) the 152 
Michaelis-Menten constant of O2 inhibition on fermentative CO2 production, rq,ox the respiration 153 
quotient at high O2 concentration, and 
2
C O
R  (mol m
-3 
s
-1
) the CO2 production rate of the sample. 154 
At the fruit surface the following boundary condition is assumed: 155 
 ,
i
i i i i
C
D h C C
n


  

        (5) 156 
with n the outward normal to the surface; the index  referring to the gas concentration of the 157 
ambient atmosphere;  hi the peel permeability for gas i (m s
−1
), which represents the resistance of 158 
the peel. Values of model parameters are given in Table 1 with the respective source. 159 
The continuum gas exchange model was numerically solved using the finite element method 160 
(Comsol 3.5, Comsol AB, Stockholm). Randomly generated 3D pear geometries described in 161 
Section 2.3 were employed to calculate the spatial profiles of internal gas concentrations of O2 162 
and CO2 as a result of gas exchange, respiration and fermentation. A finite element mesh with 163 
local free mesh-element sizes was generated on the pear geometry. Eqs (1), (3)- (5) were 164 
discretised over this mesh and solved using Comsol.  165 
 166 
2.4 Tissue structure and diffusivity  167 
Diffusivity of tissue was calculated from a microscale model (Ho et al., 2011; Verboven et al., 168 
2013). Briefly, the microscale diffusion model explicitly accounts for the transport of O2 and 169 
CO2 in the intercellular space, through the cell wall and plasmalemma into the cytoplasm, and 170 
incorporates the actual tissue microstructure as obtained from synchrotron radiation tomography 171 
images (Verboven et al., 2008). Six samples with a size of (0.84×0.84×1.43) mm
3
 were used for 172 
the simulations. To determine the diffusivity of O2 and CO2 of a sample, (arbitrary) 173 
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concentration differences were applied over the microscale geometry, and the corresponding 174 
fluxes were computed by means of the microscale model  (Ho et al., 2011; Verboven et al., 175 
2013). From the fluxes and the length of the sample, apparent diffusivities were calculated. The 176 
computed O2 and CO2 diffusivities with six sample size of 0.84×0.84×1.43 mm
3
 were equal to 177 
(2.01±2.98)×10
-8 
m
2
s
-1
 and (2.62±2.97)×10
-8 
m
2
s
-1
, respectively. Variation of diffusivity was 178 
found among the samples. Increasing the sample size reduced the variation of the calculated 179 
apparent O2 and CO2 diffusivity.   180 
 181 
2.5 Respiration kinetics 182 
A non-competitive inhibition model was used to describe respiration kinetics of fruit tissue. The 183 
Michaelis-Menten constant Km value for O2 and CO2 was considered as non-variable (Hertog et 184 
al., 1998) and taken from Ho et al. ( 2013) (See Table 1). The maximal respiration rate Vm (both 185 
the maximal O2 consumption rate and the maximal fermentative CO2 production rate) is a 186 
function of the initially available enzyme concentration depending on fruit maturity (Hertog et 187 
al., 1998). To determine 
2
,m O
V  and 
2
, ,m f C O
V , respiration rate measurements were carried out at two 188 
gas conditions of  21 kPa  O2, 0 kPa CO2, 79 kPa  N2 and 0 kPa  O2, 0 kPa CO2, 100 kPa  N2, 189 
respectively. Briefly, fruit were placed in 1.7 L glass jars (2 fruit per jar) and flushed with two 190 
defined gas mixtures for at least 24 hours.  For each gas condition, five replications were carried 191 
out at -1 °C and four replications were carried out at 10 °C and 20 °C. The jars were closed after 192 
24 hours. The initial gas composition and pressure in the headspace of jars were measured by 193 
means of a gas analyser (Checkmate II, PBI Dansensor, Denmark) and pressure sensor (DPI 142, 194 
GE Druck, Germany, accuracy ±0.01%). The gas analyser had an accuracy of ±0.1% and ±0.5% 195 
of the O2 reading and CO2 reading, respectively. The analyser was calibrated against calibrated 196 
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mixtures (Air products N.V., Belgium). The headspaces were analysed again after 24 h.  The gas 197 
percentages were converted to partial pressures by multiplying with the measured total pressure. 198 
The gas partial pressure was converted to molar concentration according to the ideal gas law. 199 
The O2 consumption and CO2 production rates were calculated from the difference in gas 200 
concentration and the time lag between the two measurements and expressed in mole per volume 201 
of sample (m
3
 fresh volume of sample) and per unit time (s). 202 
,
i free
i fru it
fru it
n V
R
t V
 

          
(6) 203 
where 
,i f r u i t
R  (mol m
-3 
s
-1
) is the O2 consumption / CO2 production rate of the component i (O2 204 
and CO2); Δni (mol m
-3
) and Δt (s) are the difference in gas concentration of the component i and 205 
the time lag between the two measurements; Vfruit (m
3
) and Vair (m
3
) and are the volume of the 206 
fruit and the free air volume of the jar, respectively. 207 
In the validation experiments, intact fruits were placed in 1.7 L glass jars (2 fruit per jar) and 208 
flushed with a gas mixture for 24 h. The composition of the latter was 21 kPa O2 and 0 kPa CO2 209 
for the experiments at 10°C and 20°C. Four replicate measurements per gas concentration were 210 
carried out. The O2 and CO2 gas partial pressures were monitored with a gas analyser and 211 
pressure sensor with time interval of 1day during 10 and 15 days for the experiments at 20°C and 212 
10°C, respectively. The respiration rate was calculated as mentioned before and compared to the 213 
simulation result. 214 
 215 
2.6 Biological variation of model parameters 216 
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Ho et al. (2013) found that 
2
,m O
V ,
2
, ,m f C O
V and the gas diffusivities were the most important 217 
parameters beside the shape of fruit. For these parameters, a Monte Carlo analysis was 218 
performed to study the effects of biological variability. Hereto we generated 500 random 219 
parameter sets and for each set we solved the Eqs (1), (3)- (5). We considered only these 220 
parameters to be random and kept all other parameters fixed. For the random number generation 221 
of 
2
,m O
V  and 
2
, ,m f C O
V we assumed that these parameters were normally distributed with a standard 222 
deviation equal to that obtained from the parameter estimation procedure. Further, 
2
,m O
V  and 223 
2
, ,m f C O
V  were assumed to be perfectly correlated (correlation coefficient equal to one) as they 224 
share a common pathway (glycolysis).  225 
The tissue diffusivities of O2 and CO2 were also assumed to be perfectly correlated as they are all 226 
determined by the same tissue microstructure (Ho et al., 2011). In order to generate the apparent 227 
diffusivities, a Monte Carlo analysis was carried out. A series of 500 brick-like computational 228 
domains with a size of 2.52×2.52×2.86 mm
3
 was constructed by assembling 18 (332) 229 
microscale zones. The O2 and CO2 diffusivity of each microscale zone was randomly selected 230 
from a set of diffusivity values computed based on 6 different cubical cortex tissue samples with 231 
a size of 0.84×0.84×1.43 mm
3
. The corresponding flux over each of the computational domain 232 
was computed from an (arbitrary) concentration difference applied over the domain. The overall 233 
apparent diffusivity of each of the 500 computational domains was subsequently calculated from 234 
the corresponding flux. A normal distribution was fitted to these values. 235 
To account for shape variability, 120 different pear geometries were produced by means of the 236 
shape generator. 237 
 238 
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2.7 Simulations and analysis 239 
Monte Carlo simulations were performed for optimal CA storage conditions equal to 2.5 kPa O2, 240 
0.7 kPa CO2 and -1 °C, for optimally picked and late picked pears. In addition, simulations were 241 
performed for a range of different O2 concentrations from 0.5 to 5.5 kPa. 242 
For each storage condition, 500 random parameter combination sets of diffusivities and maximal 243 
respiration rate were randomly chosen. For each set we solved the Eqs (1), (3)-(5) on a pear 244 
geometry which was randomly selected from 120 different geometries. The Monte Carlo 245 
simulations were carried out by integrating Comsol with Matlab (The Mathworks, Natick, MA) 246 
using scripts programmed in the Matlab environment to perform the Monte Carlo simulations in 247 
an automated way. In short, the 3D unstructured triangulated surface of a pear geometry was 248 
imported into Comsol using CAD import module and the STL file format. A corresponding 249 
volumetric geometry was reconstructed from the 3D unstructured triangulated surface and saved 250 
as a geometry object with Comsol Multiphysic text file format (*.mphtxt). In each Monte Carlo 251 
run for a particular storage condition, the 3D geometry object was randomly generated using the 252 
geometrical model generator as described before and imported in Matlab with a script. A finite 253 
element mesh was generated from the pear geometry using a default mesh generator function of 254 
Comsol. Random parameter values for Eqs (1) and (3)-(5) where generated based on their 255 
normal distribution function as described before. The model was then solved for steady state 256 
conditions. Finally, the O2 and CO2 partial pressure profiles of Monte Carlo each run were 257 
computed from the solution. For each storage condition, the run time for the Monte Carlo 258 
simulation with 500 runs was about 4000 to 7000 s on a DUAL CPU Xeon X5650, 48 GB RAM.  259 
From the simulations, the internal O2 and CO2 profiles of each fruit were obtained and the 260 
minimal value of O2 (
2
, m inO
C ) was determined. This value was compared to the critical O2 level 261 
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below which fermentation dominates and disorder development was likely to occur. The critical 262 
O2 level
2
*
O
C (kPa) was defined as the critical O2 level of tissue where the ATP production rate 263 
due to the oxidative respiration is equal to maximal ATP production rate by fermentation.  In 264 
other words, it is the O2 concentration where the ATP production by oxidative respiration 265 
dominates the ATP production over that by fermentation (Ho et al., 2013). 266 
2 2
2
2 2
, , ,*
, , , ,
f m f C O m O
O
o m O q o x f m f C O
f V K
C
f V r f V
 

   
      (6)  267 
where fo (=6.33 ) and ff (=1) are the stoichiometric coefficients of the ATP production due to the 268 
oxidative respiration and the fermentation, respectively (Ho et al., 2013). Since
 2,m O
V  and 
2
, ,m f C O
V  269 
were assumed to be perfectly correlated (correlation coefficient equal to one) as they share a 270 
common pathway (glycolysis), 
2
*
O
C  in Eq. (6)  was not sensitive to variations of these parameters 271 
either and could be considered as relatively stable. 272 
 273 
3. Results 274 
3.1 Random pear geometries 275 
Some random shapes produced by the shape generator are shown in Fig. 1a. As a result of the 276 
chosen shape description method, the geometries contain some asymmetric, local shape features, 277 
that are also observed in real fruit. The histogram in Fig. 1b shows the spread of volumes of the 278 
generated geometric models. 279 
 280 
3.2 Random O2 and CO2 diffusivities and maximal respiration rate 281 
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The gas diffusivity of fruit tissue is directly related to its micro-structure (Ho et al., 2011). Fig. 282 
2a shows the simulated O2 concentration distribution in the intercellular space of a typical 283 
parenchyma cortex sample using the microscale gas exchange model. The simulated gas 284 
concentrations in the small samples were significantly non uniform and depended to a large 285 
extent on the void distribution of the tissue sample. The distribution of the apparent diffusivity of 286 
O2 and CO2 is shown in Fig. 2b & 2c. The standard deviation of the tissue diffusivity of O2 and 287 
CO2 was, respectively, between 29% and 16% of their mean value. Because the microstructure 288 
of optimally and late picked fruit is not different (Verboven et al., 2008), the diffusivity did not 289 
depend on maturity. 290 
2
,m O
V  and 
2
, ,m f C O
V are likely to be proportional to the initially available enzyme concentration 291 
(Hertog et al., 1998), and, hence, depend on fruit maturity. The measured 
2
,m O
V  and 
2
, ,m f C O
V of 292 
optimally picked pears were (1.85±0.14)×10
-5
 mol m
-3
 s
-1
 and (1.78±0.17)×10
-5
 mol m
-3
 s
-1
,
 
293 
respectively. Histograms of randomly generated 
2
,m O
V  and 
2
, ,m f C O
V
 
values are shown in Fig. 2d & 294 
2e.  295 
 296 
3.3 Validation of the macroscale model 297 
The macroscale model was validated by comparing simulated values with measurements of 298 
overall fruit respiration rates at 10°C and 20°C (Fig. 3) of fruit that were not used for the model 299 
calibration. The model used the maximal respiration rate Vm (maximum O2 consumption and 300 
maximum CO2 production rates) obtained from measurements (see Table 1). Clearly, the model 301 
agreed well with the measured values and captured the characteristics of the respiratory response 302 
of intact fruit to O2 availability. The O2 concentration at which the O2 consumption rate 303 
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decreased to half its maximal value was equal to 1.8 kPa and 4.8kPa at 10°C and 20°C, 304 
respectively. 305 
3.4 Internal gas concentration profiles in CA condition 306 
Pear fruit is a biological material and is inherently affected by biological variation. Stochastic 307 
simulation results of the O2 and CO2 distribution inside different fruit are shown in Fig. 4. Due to 308 
the diffusion resistance of the cortex tissue, significant concentration gradients were established 309 
inside the pear. A decrease of the O2 partial pressure and an increase of the CO2 partial pressure 310 
towards the center of the fruit were observed. The concentration gradient in the cortex was steep 311 
in pear fruit having a high maximal respiration rate, large volume and low diffusivity. 312 
Histograms of the predicted 
2
, m inO
C  for two storage O2 partial pressures computed with Monte 313 
Carlo simulations at -1 °C are shown in Fig. 5. At a commercial storage O2 partial pressure of 2.5 314 
kPa, the variation of 
2
, m inO
C of optimally picked pear was considerable, with internal 315 
concentrations as low as 0.5 kPa (See Fig. 5b). In late picked pear, even lower values were found 316 
(Fig. 5d). At storage oxygen partial pressures of 0.5 kPa, the internal oxygen concentration 317 
dropped below 0.1 kPa (Fig. 5a & c).   318 
  319 
3.5 O2 concentration in the fruit in response to the atmospheric O2 level of low temperature CA 320 
storage 321 
The model was applied to compute the smallest O2 (
2
, m inO
C ) partial pressure inside the fruit for a 322 
range of different storage O2 partial pressures. For each storage condition, 500 Monte Carlo 323 
simulations were carried out for variable diffusivities, maximal respiration rate Vm and fruit 324 
shape. The calculated critical O2 level
2
*
O
C was 3.81×10
-2 
kPa for optimally picked fruit. The 325 
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predicted 
2
, m inO
C  was then compared to 
2
*
O
C  to evaluate whether fermentation due to hypoxia 326 
would occur inside the fruit. The computed 
2
, m inO
C  is shown in Fig. 5e for optimally picked fruit 327 
as a function of the O2 partial pressure of the storage atmosphere at -1 °C. At 2.5 kPa O2, 
2
, m inO
C  328 
was mostly larger than 
2
*
O
C  indicating sufficient energy supply for maintaining cell integrity. 329 
However, the risk of fermentation inside pear fruit increased at a reduced O2 level of 0.5 kPa.  330 
 331 
3.6 Effect of picking time on the risk of fermentation during CA storage  332 
Pear fruit is more sensitive to storage disorders when it is harvested late (Lammertyn et al., 333 
2000). In this study late picking was 7 days after the optimal picking time. The measured 
2
,m O
V  334 
and 
2
, ,m f C O
V  of the late picked pear at -1 °C were (2.32±0.41)×10
-5
 mol m
-3
 s
-1
 and 335 
(1.90±0.49)×10
-5
 mol m
-3
 s
-1
,
 
respectively. We assumed that picking date would not have an 336 
effect on fruit size because in a typical harvest large fruit are picked first and small fruit are left 337 
on the tree to further grow and mature and thus to be picked at a later stage. 338 
The late picked pear thus had a higher maximal respiration rate than the pear picked at the 339 
optimal picking time, while the tissue microstructure and thus diffusivity was the same. The 340 
simulation results showed that the minimal O2 concentration for the optimal picked pears was 341 
larger than that of late picked pears. At 2.5 kPa O2, the predicted 
2
, m inO
C  of the optimally picked 342 
and the late picked pears was (1.42±0.22) kPa and (1.16±0.30) kPa, respectively (Fig. 5b & 5d). 343 
At a very low O2 concentration of 0.5 kPa, the predicted 
2
, m inO
C  of the optimally and late picked 344 
pears was (0.048±0.023) kPa and (0.028±0.019) kPa, respectively (Fig. 5a & 5c). Hence, late 345 
picked pear are clearly more susceptible to fermentation during CA storage than optimally 346 
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picked pear. The predicted 
2
, m inO
C  for late pick pear as a function of the storage O2 partial 347 
pressure at -1 °C is shown in Fig. 5f. The increasing respiration rate due to late picking shifts the 348 
predicted 
2
, m inO
C  curves towards the bottom left in the figure compared to Fig. 5e.  349 
 350 
3.7 Incidence of fermentation and browning disorder 351 
The critical O2 level 
2
*
O
C
 
can be interpreted with respect to the parameters of the respiration and 352 
fermentation kinetics (Ho et al., 2013). We assumed that if the local O2 level of pear fruit was 353 
lower than 
2
*
O
C , fermentation due to hypoxia would be likely to occur. The probability of 354 
fermentation inside pear fruit was thus calculated for a set of 500 stochastic simulations for each 355 
condition. The results are shown in Fig. 6. The occurrence of fermentation was high at 0.5 kPa 356 
O2 (35.8% and 74% for optimally and late picked pears, respectively) but rapidly decreased 357 
when the ambient O2 level increases. 358 
To compare these results to previous experimental data, a logistic regression model proposed by 359 
Verlinden et al. (2002) was used to predict the incidence of browning disorder at different O2 360 
levels. The results are shown in Fig. 6b. At a commercial storage O2 partial pressure of 2.5 kPa, 361 
the predicted incidence of storage disorder was indeed low. At a very low storage O2 partial 362 
pressure of 0.5 kPa, the predicted incidence of browning disorder for the optimally and the late 363 
picked pears rapidly increased with storage periods from 4 to 36 weeks. Both models show that 364 
the probability of fermentation and browning disorder in pear fruit is high when the O2 partial 365 
pressure was 0.5 kPa but rapidly reduced when the O2 partial pressure increased to 2.5 kPa.          366 
 367 
3.8 Effect of fruit size on the risk of fermentation during CA storage
 368 
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   369 
Simulations were carried out for different fruit volumes in CA (2.5 kPa O2, 0.7 kPa CO2). 370 
Histograms of 
2
, m inO
C for different fruit volumes with random diffusion and respiration 371 
parameters are shown in Fig. 7. Clearly, the risk of fermentation is high for large and late picked 372 
fruit when they are stored in CA, for which the distribution considerably shifts towards the left. 373 
The results show that increasing the fruit size reduced 
2
, m inO
C  and, hence, increased the risk of 374 
fermentation.  375 
 376 
4. Discussion 377 
Transport phenomena are important but complex processes in food process and preservation 378 
operations. Mathematical modeling serves to improve our understanding of the phenomena, and, 379 
more importantly, for designing and optimizing food processes (Datta, 2008; Feyissa et al., 2012; 380 
Ho et al., 2013; Perrot et al., 2011; Torrez Irigoyen et al., 2014) in a virtual way by simulation. 381 
As we demonstrated here for controlled atmosphere storage of pear fruit, such an approach must 382 
account for the complex and variable structure, shape, size and physiological properties of the 383 
food through stochastic simulation techniques (Hertog et al., 2007; Rogge et al., 2013; 384 
Scheerlinck et al., 2001; Serment-Moreno et al., 2015). In this way, risks can be better evaluated 385 
raising confidence in simulation approaches by the food industry.    386 
The O2 diffusivity in pear cortex tissue for different batches of pear has been shown to vary from 387 
2.8×10
-10
 m
2
 s
-1
 to 5.63×10
-10
 m
2
 s
-1 
(Ho et al., 2009, 2006). Schotsmans et al.(2003) found a 388 
value of (4.3±1.7)×10
-10
 m
2
 s
-1
 for the O2 diffusivity of pear cortex tissue while the O2 diffusivity 389 
of fleshy tissue reported by Lammertyn et al. (2001) was 1.71×10
-9
 m
2
 s
-1
. The CO2 diffusivity of 390 
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pear cortex tissue has been found to range from 1.7×10
-9
 to 5.32×10
-9
 (Ho et al., 2009, 2006; 391 
Schotsmans et al., 2003). The apparent diffusivities computed from the microscale model were 392 
thus one order of magnitude larger than previously measured values. This is likely due to the fact 393 
that most reported measurements of diffusion properties of pear cortex tissue involved disk 394 
shaped tissue samples. Cutting of the sample will cause leaking of the cytoplasm into the 395 
micropores by capillary action that is difficult to avoid. Because oxygen diffusion is much faster 396 
in gas than in liquid, the tissue diffusivity may thus be underestimated considerably. We verified 397 
this hypothesis by showing that, based on simulations with blocked pores, leaking of the cellular 398 
liquid into the micropores decreased the effective tissue gas diffusivity considerably 399 
(unpublished results). For more porous fruit such as apple, pore leakage does not occur to the 400 
same extent and it has been shown that measurement agree with the model predictions (Ho et al., 401 
2011). 402 
Fruit shape, maximal respiration rate and diffusivities are the most important parameters 403 
affecting the O2 and CO2 profiles inside the fruit (Ho et al., 2013). For ‘Conference’ pear studied 404 
here, the fruit volume varied up to 57% of its mean value. Similarly, the O2 and CO2 diffusivities 405 
of tissue had standard deviations of 29% and 16% of their mean value, respectively. We found 406 
that the maximal respiration rate was less variable than shape and diffusivity. The standard 407 
deviation of maximal respiration rate ranged from 8% to 18% of its mean value. This variation 408 
had, however, a large impact on the O2 and CO2 concentration profiles and occurrence of 409 
fermentation inside fruit during storage. At low O2 condition (<1 kPa), a high incidence of 410 
fermentation was predicted and this may cause physiological disorders.  411 
These results have implications for novel CA approaches such as dynamic CA (DCA). In DCA, 412 
the oxygen concentration in the air-tight storage room is allowed to decrease (by fruit 413 
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respiration)  well below 1 kPa until the bulk of fruit produces a response signal that indicates that 414 
the fruit switches to fermentation, upon which the oxygen concentration is increased by the 415 
control system. Several methods have been proposed to measure the fermentation threshold 416 
signal (Delele et al., 2013; Gasser et al., 2008; Prange et al., 2011; Veltman et al., 2003b). 417 
Evidently from the current analysis, storage at low oxygen is more critical and accurate control is 418 
required. Because the DCA control signal holds for the complete fruit load in the room (several 419 
hundreds of tons), it is important to mimimize the variability in storage. From the current results, 420 
it can be advised that, for DCA, variation of fruit size should be minimized (e.g., by presorting) 421 
and batches from different sources and picking dates should be avoided (as these increase the 422 
variability of respiration rates).        423 
The critical oxygen level 
2
*
O
C
 
can be interpreted with respect to the parameters of the respiration 424 
and fermentation kinetics (Ho et al., 2013). The value of 
2
*
O
C  for pear at -1 °C in this study was 425 
3.81×10
-2
 kPa, which is in the order of magnitude of values found for apple  (5.64×10
-2
  to 426 
6.71×10
-2
 kPa Ho et al., 2013). The obtained value (equivalent to 0.8 µM in liquid) is 427 
approaching the range of the Km of cytochrome c oxidase, the terminal oxidase in plant 428 
respiration, which has been measured in artificial media (0.10 - 0.12 µM, Rawsthorne and Larue, 429 
1986; 1 µM, Taiz and Zeiger, 1993; 0.14 μM, Millar et al., 1994). The onset of fruit ripening 430 
resulted in an increase of the metabolic process and initiated senescence (Masia, 2003). 431 
Respiration is the main reason for the decrease of the O2 concentration in the fruit. It is affected 432 
by the maturity stage of fruit (Bulens et al., 2012). Late picked fruit was shown to have a high 433 
respiration rate (Franck et al., 2007; Streif et al., 2003). Our simulations predict that late picked 434 
fruit may be susceptible to fermentation during CA storage because of their high maximal 435 
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respiration rate. The occurrence of browning disorder has been shown to be rather non-uniform 436 
in a whole batch (Lammertyn et al., 2000; Verlinden et al., 2002): some fruit may have the 437 
disorder and other not, and the extent of the defects varies among fruit. Modelling of browning 438 
disorder has been studied by means of a black box logistic regression model (Lammertyn et al., 439 
2000; Verlinden et al., 2002). This model predicted a high incidence of browning disorder at an 440 
O2 level of 0.5 kPa but a low incidence at a commercial storage O2 level of 2.5 kPa. We found 441 
similar trends in the occurrence of fermentation inside the fruit using a physical modeling 442 
approach.  443 
 444 
5. Conclusions   445 
Gas exchange in pear fruit was studied using a continuum model taking into account random 446 
variation of diffusivities, maximal respiration rate and the 3D morphology of fruit. We created 447 
different 3D geometries to account for biological variation of fruit shape using a geometric 448 
model generation algorithm. The model predicted that the O2 and CO2 gas profiles inside the 449 
fruit were highly impacted by the O2 and CO2 diffusivity, the maximal respiration rate and the 450 
3D morphology of fruit. We have thus shown that the model can be effectively used to predict 451 
gas exchange behavior and to analyse the incidence of fermentation at reduced O2 levels during 452 
controlled atmosphere storage. Our model predicted that the fermentation inside the fruit would 453 
rapidly increase when the storage O2 level was lower than 1 kPa. The model confirmed that 454 
picking time, and fruit size are important criteria affecting the risk of fermentation during CA 455 
storage.  456 
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Figures 648 
 649 
 650 
Fig. 1 Stochastic shape model of pear fruit: (a) Samples of generated geometrical models of 651 
Conference pear. (b) Distribution of volume of pear fruit obtained from 120 generated 652 
geometrical models.  653 
654 
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 655 
 656 
Fig. 2. Stochastic properties of pear fruit: (a) Simulated O2 distribution in microstructure of  657 
cortex tissue of pear fruit. The color represents the O2 concentration in the pores (mol m
-3
) for a 658 
31 
 
gradient imposed over the sample. The flux through the sample is then calculated from which the 659 
diffusivity is obtained. (b) and (c) Probability density distributions of the overall apparent 660 
diffusivity of O2 and CO2, respectively, based on 500 Monte Carlo simulations using the random 661 
microstructures. (d) and (e) Probability density distributions of the maximal O2 consumption rate 662 
2
,m O
V  and the maximal CO2  production rate 
2
, ,m f C O
V generated from measured data and standard 663 
errors. 664 
665 
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 666 
 667 
Fig. 3 Validation of the diffusion reaction model. O2 consumption rate (RO2) and CO2 production 668 
rate (RCO2) of intact pear fruit as a function of the O2 concentration at 20°C (a, c) and 10°C (b, d). 669 
Symbols (o) indicate measurements and solid lines (—) correspond to simulations. 670 
 671 
33 
 
 672 
 
(10
-9
 m
2
 s
-1
) 
16.9 15.2 10.4 6.89 16.5 
 
(10
-9
 m
2
 s
-1
) 
23.7 22.4 19.1 16.0 25.0 
 
(10
-5
 mol m
-3
s
-1
) 
1.90 2.16 1.92 1.61 1.85 
 
(10
-5
 mol m
-3
s
-1
) 
1.83 2.14 1.85 1.49 1.77 
 673 
 674 
Fig. 4. Examples of simulated O2 and CO2 partial pressure distributions in different intact pears 675 
(vertical cross sections of the 3D pear model) at commercial CA conditions of 2.5 kPa O2, 0.7 676 
kPa CO2 and -1 °C. The variation of shape, cortex diffusivities and respiration rate was taken 677 
into account and described in Fig. 1 & 2. Used parameters are given below the figure. The color 678 
indicates gas partial pressure (kPa). 679 
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 680 
 681 
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Fig. 5. Histogram of 
2
, m inO
C  at low external O2 conditions computed with Monte Carlo 682 
simulations at -1 °C for optimally picked pear (a & b) and late picked pear (c & d). (a) and (c) 683 
are simulation results at 0.5 kPa O2 while (b) and (d) are simulation results at 2.5 kPa O2. (e) and 684 
(f) Predicted 
2
, m inO
C  as a function of the ambient O2 partial pressure at 0°C. Simulations take 685 
variations in respiration capacity, diffusivity and shape of pear fruit into account.  The horizontal 686 
dashed (- -) line indicates the critical 
2
*
O
C . (e) and (f) represent simulations for the optimal 687 
picked pear and late picked pear, respectively.  688 
689 
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 690 
 691 
 692 
Fig. 6 Probability of fermentation (a) and browning disorder (b) of pear as a function of O2 level. 693 
(a) Probability of fermentation (Pra) of optimally and late picked fruit predicted by the gas 694 
exchange model. (b) Probability of browning disorder of optimal and late picked fruit from 4 to 695 
36 weeks predicted by the logistic regression model described by Verlinden et al. (2002).   696 
 697 
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 699 
 700 
Fig. 7 Effect of fruit volume on the probability distribution of low oxygen concentration in pear. 701 
Histograms of 
2
, m inO
C are shown for increasing fruit volumes equal to 1.44×10
-4 
(a, d), 2.11×10
-4
 702 
(b, e) and 3.0×10
-4
 m
3 
(c, f), respectively.  Simulations were carried out at 2.5 kPa O2, 0.7 kPa 703 
CO2 and -1 °C. (a), (b) and (c): optimally picked pear; (d), (e) and (f): late picked pear.  704 
705 
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 706 
Table 1 Parameters of macroscale gas transport model 707 
Physical parameters O2 CO2 
Diffusivity (m
2
 s
-1
) 
   Cortex tissue   
       (0.84×0.84×1.43 mm
3
, n=6)  
   Cortex tissue    
       (2.52×2.52×2.86 mm
3
, n=500) 
 
(2.01±2.98)×10
-8(1)
 
 
(1.32±0.39)×10
-8(2)
 
 
(2.62±2.97)×10
-8(1)
 
 
(2.12±0.34)×10
-8(2)
 
Peel permeability (m s
-1
) 8.77×10
-7(3)
 7.48×10
-7
 
(3)
 
Respiration parameters 
  -
2
,m O
K  (kPa) 
  -
2
, ,m f C O
K  (kPa) 
 -Maximal O2 consumption rate 
2
,m O
V  (mol m
-3
 s
-1
) 
     Optimally picked pear at 20°C 
     Optimally picked pear at 10°C 
     Optimally picked pear at 0°C 
     Late picked pear at 0°C 
  -Maximal CO2 fermentative production rate 
2
, ,m f C O
V   
(mol m
-3
 s
-1
) 
      Optimally picked pear at 20°C 
      Optimally picked pear at 10°C 
      Optimally picked pear at 0°C 
 
0.17
(4) 
2.4×10
-2 (4) 
 
 
2.39×10
-4 
6.8×10
-5 
(1.85±0.14)×10
-5 
(2.32±0.41)×10
-5 
 
 
1.15×10
-4 
4.68×10
-5
 
39 
 
      Late picked pear at 0°C (1.78±0.17)×10
-5 
(1.90±0.49)×10
-5
 
(1) 
Computed from microscale model  708 
(2)
Apparent diffusivity of stochastic simulations for a larger sample containing random effective 709 
diffusivities computed from simulated 3D microscale. 710 
(3) 
Calculated from peel resistance of inert gas neon (Schotsmans et al., 2002) according to 711 
Graham's law. 712 
(4)
 Ho et al. (2013).  713 
